Abstract. Understanding physiological responses of organisms to warming and ocean acidification is 13 the first step towards predicting the potential population-and community-level ecological impacts of 14 these stressors. Increasingly, physiological plasticity is being recognized as important for organisms to 15 adapt to the changing microclimates. Here, we evaluate the importance of physiological plasticity for 16 coping with ocean acidification and elevated temperature, and its variability among individuals, of the 17 intertidal limpet Cellana toreuma from the same population in Xiamen. Limpets were collected from 18 shaded mid-intertidal rock surfaces. They were acclimated under combinations of different pCO2 19 concentrations (400 ppm and 1000 ppm, corresponding to pH 8.1 and 7.8) and temperatures (20 °C and 20 24 °C) in a short-term period (7 days), with the control condition (20 °C and 400 ppm) representing the 21 average annual temperature and present-day pCO2 level at the collection site. Heart rates (as a proxy for 22 metabolic performance) and genes encoding inducible and constitutive heat-shock proteins (hsp70 and 
4 that, usually, physiological plasticity is the more important factor in acclimation to changing 60 environmental conditions (Hoffmann and Sgro, 2011; Pörtner et al., 2012; Somero et al., 2012) . In a 61 recent meta-analysis, Seebacher et al. (2015) demonstrated that acclimation to higher temperatures 62 decreased the sensitivity to increased temperature in both freshwater and marine animals. While this 63 response suggests that acclimation could reduce the impact of warming on organisms, the responses were 64 only tested for shifts in mean temperature. Yet, organisms inhabiting variable environments, such as the 65 intertidal zone, will be exposed to increasing extremes in temperature concomitant with increasing pCO2,
66
or ocean acidification (OA), in the future. While OA has been suggested to increase the sensitivity of 
77
Heart rate (HR), as a measure of cardiac activity, is a useful indicator for indicating physiological 
93
However, little is known about the patterns of heart rate and expression of hsp genes for coping with 94 combined warming and ocean acidification.
95
The limpet C. toreuma is a keystone species on rocky shores in the western Pacific (Dong et al.,
96
2012), occupying the mid-low intertidal zones (Morton and Morton, 1983 ). This species is a gonochoric 97 and broadcast spawner, whose embryos develop into planktonic trocophore larvae and later into juvenile 98 veligers before becoming fully grown adults (Ruppert et al., 2004) . As a common calcifier inhabiting 99 coastal ecosystem, C. toreuma plays an important ecological role in food chains, gazing on biofilm and 100 being an important food source for other species (e.g. crabs, sea birds and sea stars). Therefore, this 101 species is a key organism for studying the relationship between physiological response to thermal stress 102 and ocean acidification in highly variable environment on the shore. 
109
Here, we investigated the importance of physiological plasticity (based on the measurement of post-110 acclimation temperature sensitivity; see Seebacher et al., 2015) and variability (based on coefficient of 111 variation) for C. toreuma to cope with ocean acidification and elevated temperatures by quantifying heart 112 rates (as a proxy of metabolic performance) and expression of genes encoding inducible and constitutive 113 heat-shock proteins (Hsp70 and Hsc70) after short-term acclimation in different pCO2 concentrations
114
(400 ppm and 1000 ppm) and temperatures (20 °C and 24 °C). We hypothesize that (1) limpets will 115 increase their thermal sensitivity of metabolism and stress responses under elevated pCO2 and 116 temperatures; (2) short-term acclimation at high temperature and pCO2 will cause higher inter-individual 117 physiological variation. This study provides novel information concerning the combined effects of 118 increased temperature and pCO2 on stress response, energy consumption and physiological plasticity in 
140
Animals were kept in a simulated tidal cycle with 6 h aerial exposure and 6 h seawater immersion.
141
Seawater was pre-bubbled with air containing the corresponding pCO2 concentrations in advance. pH
142
was measured before and after the acclimation in seawater each time with PB-10 pH meter (Sartorius 
151
The information of the measured and calculated seawater chemistry parameters is summarized ( Table   152 A1).
153
After a 7-day acclimation period (crossed pCO2 × Temperature treatments, above), the heat-shock 154 treatments were carried out to simulate the gradual temperature exposure of limpets in the filed as 
180
For determining the Arrhenius breakpoint temperatures of heart rate (ABT), discontinuities in the 181 slopes of heart rate with temperature were calculated from intersections of fitted 2-phase regressions 182 based on the minimum sum of squares using SigmaPlot 12.5 (SSPS Inc., Point Richmond, CA, USA) as 
186
Limpets were firstly taken out from -80 °C; foot muscle was cut off immediately using RNA-free 187 scissors (180 °C before using); the muscle (~ 50 mg) was cut into pieces in a 1.5 ml EP tube containing
188
RNA lysis buffer provided by Eastep reagent kit (Promega, USA); total RNA was isolated using Eastep 189 reagent kit (Promega, USA). The first strand of cDNA was synthesized using total RNA as a template.
190
Reverse transcriptase (RT) reactions were performed using a PrimeScript RT reagent kit with gDNA
191
Eraser (Takara, Shiga, Japan).
192
The levels of mRNA of genes encoding two heats hock proteins, inducible heat-shock protein 70
193
(hsp70) and constitutive heat shock protein 70 (hsc70), were measured using real-time quantitative PCRs
194
in CFX96 TM Real-Time System (Bio-Rad Laboratories, Inc., Hercules CA, USA) followed the methods
195
described by Han et al. (2013) with specific primers (Table A2 ). For normalizing expression of genes,
196
we examined expression of 18S ribosomal RNA, β-actin, β-tubulin genes, which typically have relatively 197 stable expression levels. The expression stability of these housekeeping genes was evaluated using the 
212
Thermal sensitivity is the change in a physiological rate function reacting to a rapid change in 213 environmental temperature within the same acclimation set temperature (Fig. A3 , modified from
214
Seebacher et al. (2015)). In the present study, thermal sensitivity was determined in the temperature 215 coefficient (Q10) values of heart rate. Q10 was calculated using heart-rate data from the temperature at 
219
where R is the heart rate (R1 and R2 are the heart rate at T1 and T2 respectively), and T is the temperature 
231
The differences in levels of hsp70 and hsc70 among different heat shock temperatures within a same 232 acclimation condition were analyzed using one-way ANOVA with Duncan's post hoc analysis. The 233 relationships between heat shock temperature and log-transformed gene expression (hsp70 and hsc70)
234
were fitted using linear regressions and the differences in slopes of the linear regressions were analyzed 235 using Analysis of Covariance (ANCOVA).
236
The coefficient of variation (CV) of ABT, Q10 and hsc70 mRNA expression at 38 °C were 
244
The maximal heart rate was ~ 30 % higher in limpets acclimated to control conditions (20 °C, 400 245 ppm) than the other treatments ( Fig. 1 and Table A3 ). The ABTs of limpets showed a trend to be reduced
246
for HT treatments (mean ± SD: LTLC, 38.9 ± 2.9 °C; HTLC, 38.2 ± 1.8 °C; LTHC, 40.0 ± 3.3 °C; HTHC,
247
37.7 ± 2.3 °C) (Fig. A4) . Temperature (Two-way ANOVA, F1, 35 = 3.375, P = 0.075) and pCO2 (Two-way 13 ANOVA, F1, 35 = 0.118, P = 0.733) both had non-significant effects on ABTs, and there was a non-249 significant interaction between temperature and pCO2 (Two-way ANOVA, F1, 35 = 0.908, P = 0.347) 250 (Table A4 ; Fig. A4 ).
251
Temperature coefficients (Q10 rates) were higher for limpets acclimated at 20 °C than at 24 °C (Two- (Table A4 ; Fig. 2 ). The post-
255
acclimation thermal sensitivity of limpets acclimated at low CO2 (2.12) was lower than limpets at high 256 CO2 (2.95) (Fig. 2) .
257
The coefficients of variations (CV) of ABT in the four different acclimation conditions were 258 different (Table 1) . After low temperature and high CO2 acclimation (LTHC, 8.22%), CV of ABT was
259
higher than those in the other three conditions (LTLC, 7.34% and HTLC, 4.48%, HTHC, 6.08%). After 260 acclimated at LTHC, CV of Q10 was the highest in all the four acclimation conditions (Table 1) .
262

Gene expression
263
Levels of hsp70 mRNA (log-transformed) linearly increased with the increasing heat-shock 264 temperatures (Fig. 3) . ANCOVA analysis showed that the slopes of the linear regressions were 265 significantly different among different acclimation conditions (F4, 189 = 42.62, P < 0.001), and the slope 266 of HTHC limpets was higher than those of the other three acclimation conditions. Thus, the rate of 267 increase in production of hsp70 mRNA in response to warming was greater at the elevated CO2
268
concentration.
14
The responses of hsc70 mRNA to heat shock were divergent among the four acclimation conditions 270 (Fig. 4) . For HTHC limpets, there were no significant differences among different heat shock 
274
The coefficients of variation of hsc mRNA after heat shock of 38°C were different among different 
309
The expression patterns of constitutive hsc70 mRNA were different among limpets acclimated at the 310 four acclimation conditions. Hsc70 is constitutively expressed and is a molecular chaperone involved in 
361
In conclusion, the resilience of intertidal limpets to thermal stress is weakened after exposure to 362 predicted future conditions for a short-term acclimation period (7 d). Yet, the combination of elevated 363 temperature and CO2 concentration prompted divergence of physiological and molecular responses.
364
These results suggest that while organisms may be able to protect themselves from the damaging effects in responses, and the observation that some individuals were more capable to physiologically cope with 368 the conditions, may be associated with intergenerational adaptation, but this speculation needs further 369 evidence. As the "weaker" individuals are lost, the offspring in the next generation will be better 370 physiologically adapted to warming under high-CO2 conditions. Therefore, while elevated CO2 and the 371 associated ocean acidification decrease the ability of many individuals to respond to thermal stress, it 372 appears that physiological plasticity and variability could be adaptive mechanisms in at least some 373 populations of intertidal organisms. Our research underlines the importance of physiological plasticity 374 and variability for coastal species coping with warming and ocean acidification. 1 The generalized additive model describes heart rate as a function of temperature, or f(T), instead of using a fixed 659 parameter to describe the effect of temperature. Additional functions were included to describe how heart rates of C.
660
toreuma from each treatment deviated from those of C. toreuma from 20 °C and 400 ppm. 
